Introduction {#s1}
============

Increased molecular viscosity may be a cardiovascular risk factor \[[@R01]\]. Molecular viscosity is an important factor for development and progression of heart disease \[[@R02], [@R03]\]. According to non-Newtonian behavior, the molecular viscosity is velocity gradient-dependent. Its value varies along the course of the arterial vessels. There is a need to apply capable non-Newtonian models in order to capture the main flow characteristics at low strain rates \[[@R04]\]. Furthermore, little research has focused on the exact role of molecular viscosity at low strain rates under oscillating flows. In cases where either the flow slow or it is disturbed, the atherosclerosis shows preference to low wall shear stress (WSS) and/or its gradients \[[@R05]\]. The temporal variation during cardiac pulse wave has been proposed as an atherogenic factor \[[@R06]\]. Complex geometry vessels promote flow disturbances with low time-averaged WSS (AWSS) and high WSS temporal oscillations \[[@R06]\]. The oscillatory shear index (OSI) and the relative residence time (RRT), indicating the residence time molecules are in contact with endothelium, are promising tools for identifying regions of possible atherosclerosis localization \[[@R07]\].

Elevated low density lipoprotein (LDL) co-localized with atherosclerotic plaque development was reported \[[@R08]\]. The human aortic arch is highly complex geometry exposing high curvatures and the flow behavior requires extensive analyses. Elucidating the LDL site concentration under physiological oscillating flow is a step of paramount importance \[[@R08], [@R09]\]. The localization of atherosclerotic regions in the normal left coronary artery was reported \[[@R10]\]. A highly bend arterial vessel was numerically analyzed to elucidate the localization of atherosclerotic lesions under steady flow conditions \[[@R11]\]. Elevated LDL luminal surface did not co-locate to the sites of the lowest WSS.

Four non-Newtonian models, namely power law \[[@R12]\], Carreau \[[@R12]\], Casson \[[@R13]\], non-Newtonian power law \[[@R12]\] plus the Newtonian one are compared under oscillating flow conditions for the normal aorta. These models were previously analyzed under steady flow conditions \[[@R14]\]. Non-Newtonian flow models in human right coronary arteries were also examined \[[@R15]\]. To the best of our knowledge, little research has been done concerning the biomechanical parameters of molecular viscosity models, AWSS, OSI, and RRT in relation to the LDL distribution within the normal human aortic arch under oscillating flow. Furthermore, it is still unclear which of these factors best spot the prone to atheroma regions.

Methods {#s2}
=======

The normal human aortic arch centreline was generated using appropriate computer-aided design (CAD) software. The daughter vessels centerlines were generated and placed at the appropriate aortic arch centerline locations. Vessel cross-sections taken every 1.0 mm were set perpendicular to aorta and its daughter centerlines. The 3D geometry model is shown in [Figure 1](#F1){ref-type="fig"}. The ascending aorta diameter at its entrance measured 3.477 cm, the descending aorta outlet was 3.076 cm, while the outlet diameters of the brachiocephalic artery, left common carotid artery and left subclavian artery segments were 1.435, 1.273, and 1.433 cm, respectively. The computational grid generator ANSYS Meshing (ANSYS Workbench 13) was utilized. The computational grid was created using tetrahedral for the main lumen volume and prismatic elements layers near endothelial wall in order to improve the accuracy and resolution of blood flow wall properties. Details of the sparse computational grid are shown in [Figure 1](#F1){ref-type="fig"}. Mesh independence study was performed using 0.9, 1.5 and 2.0 million computational cells grids. The 1.5 million cells grid gave mesh independent solution for the examined parameters. An extended time period of five cardiac cycles was simulated in order to avoid period dependencies.

![The computational model: ascending aorta, descending aorta, brachiocephalic artery, left common carotid artery and left subclavian artery. Sparse grid is shown.](cr-07-066-g001){#F1}

Five different blood viscosity models (the Newtonian and four non-Newtonian molecular viscosity models) were tested in the present study and are summarized in equations (a)-(e) of [Figure 2](#F2){ref-type="fig"}.

![Summary of equations used in the present study.](cr-07-066-g002){#F2}

The numerical code Fluent solved the governing Navier-Stokes equations \[[@R10], [@R16]\]. The assumptions made about the flow were that it was 3D, unsteady, laminar, isothermal, with no external forces applied on it while the aortic arch wall was comprised of non-elastic and impermeable material. For the LDL solution problem, the flow equations were coupled with mass transport equation (semi-permeable walls) and solved under steady flow conditions. The convection-diffusion equation is presented in equation (f) of [Figure 2](#F2){ref-type="fig"}, in which C mg/mL is the LDL concentration, and $\overset{\rightarrow}{J}$ is the LDL diffusion flux, calculated using equation (g) of [Figure 2](#F2){ref-type="fig"}.

In equation (f) and (g) ([Fig. 2](#F2){ref-type="fig"}), D m^2^/s is the LDL diffusion coefficient. It was assumed the molecular diffusivity was 15.0 × 10^-12^ m^2^/s \[[@R11], [@R17], [@R18]\]. The diffusivity was assumed isotropic throughout. Pulsatile inflow boundary condition was calculated using user-defined functions (UDFs) subroutines, written in ANSI C programming language. Convergence was achieved when all velocity component, mass and energy changes, from iteration to iteration, attained values less than 10^-6^.

Flow conditions {#s2a}
---------------

The inlet pulse wave is shown in [Fig. 3](#F3){ref-type="fig"}, while the pulse period of this waveform is 800.0 ms. Blood outflow discharges were calculated using a slightly modified version of the Murray's law. The power index value for the Murray's law was set to 2.4.

![Applied blood waveform at the aortic arch inlet.](cr-07-066-g003){#F3}

Mass conditions {#s2b}
---------------

A uniform flow velocity of 0.05 m/s and constant concentration Co of LDL (1.3 mg/mL) were set at the ascending aorta orifice. At artery outlets, the gradient of LDL along the vessels was set equal to zero (Newmann condition). The boundary conditions can be described using equation (h) of [Figure 2](#F2){ref-type="fig"}, where C~w~ mg/mL is the endothelial surface (wall) concentration, V~w~ is the infiltration velocity, and n is the direction normal to the wall. The condition described in equation (h) stated that the LDL (KC~w~) mass entering from endothelium to vessel walls was determined from the difference of mass carried to vessel by infiltration (C~w~V~w~) and the mass diffusing back to the main flow (*D*(∂*C*/∂*n*)) \[[@R10]\]. The infiltration velocity V~w~ was set to 0.6 × 10^-8^ m/s \[[@R19]\]. The endothelial permeability K was 2.0 × 10^-10^ m/s \[[@R10]\]. The components of the WSS possibly had different effects upon endothelial cells.

The AWSS (N/m^2^) is defined in equation (i) of [Figure 2](#F2){ref-type="fig"}, where $\text{|}W\overset{\rightarrow}{S}S\text{|}$ is the instantaneous WSS magnitude (N/m^2^) and T (s) is the pulse period. The averaged wall shear stress vector (AWSSV) (N/m^2^) is defined in equation (j) of [Figure 2](#F2){ref-type="fig"}.

OSI calculated the differences between AWSS and AWSSV. OSI showed the WSS vector deflection from flow predominant direction during the cardiac cycle. Thus, OSI was calculated using equation (k) of [Figure 2](#F2){ref-type="fig"}. The OSI values varied between 0.0 (for no cyclic variation of WSS vector) to 0.5 (for 180.0° deflection) of WSS direction. The OSI needed modification for capturing the atheromatic flow regions of low WSS and high OSI at the same site of the arterial system.

The RRT was calculated using equation (l) of [Figure 2](#F2){ref-type="fig"} \[[@R07]\]. The RRT parameter combined the effects of OSI and AWSS.

Results {#s3}
=======

All non-Newtonian models qualitatively predict similar behavior. However, these patterns differ in quantitative terms. The power law yields low molecular viscosity at low strain rates, considerably smaller than 0.00345 kg/m/s, widely accepted Newtonian molecular viscosity. In contrary, the Carreau and Casson law yield molecular viscosity higher to Newtonian law at all strain rates. At very low strain rates, the Carreau, Casson and the non-Newtonian power law models yield values approaching 0.010 kg/m/s. The Carreau and Casson law curves are very steep at the strain rate region less than 100.01/s. In the non-Newtonian power law, the steepness is relatively moderate.

AWSS (N/m^2^) contours are shown in [Figure 4](#F4){ref-type="fig"}. Low AWSS values develop at the concave parts of the curved flow regions, most noticeable at the downstream flow region of the left subclavian artery as well as at the first quarter of the concave descending aorta. Increased AWSS develops at the convex part of the ascending aorta (very end of it) as well as at the first quarter of the convex part of the descending aorta. In between these two locations, the AWSS lowers its value, although these values are still higher than those at the opposite site of the aorta (concave site).

![Time-averaged wall shear stress (AWSS) (N/m^2^) magnitude with (a) power, (b) Carreau, (c) Casson, (d) non-Newtonian power and (e) Newtonian law models.](cr-07-066-g004){#F4}

High OSI indicates possible atheromatic location. OSI values higher than 0.2 tends to cover large aorta endothelial regions ([Fig. 5](#F5){ref-type="fig"}). High OSI and low AWSS develop at the concave part downstream to left subclavian artery. High OSI endothelium regions \> 0.2 tend to collocate (but not always) with low AWSS regions. However, there are exceptions of this rule. For example, high OSI and AWSS values develop at the outer part of the ascending aorta ([Figs. 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}).

![Oscillatory shear index (OSI) with (a) power, (b) Carreau, (c) Casson, (d) non-Newtonian power, and (e) Newtonian law models.](cr-07-066-g005){#F5}

There is a need to further investigate the actual atheromatic localization in the aorta. For this reason, the RRT factor is introduced \[[@R07]\]. The RRT factor combines the effects of OSI and AWSS (equation (l) of [Fig. 2](#F2){ref-type="fig"}). High RRT indicates regions of possible atheromatic localization, denoting that the blood molecules will spend relatively more time at specific endothelium regions. High RRT value indicates that AWSS is low and at the same time OSI is high. Concave sites compared to convex ones are regions of high RRT values ([Fig. 6](#F6){ref-type="fig"}). High RRT values \> 15.0 develop at the concave part of the aortic arch downstream to left subclavian artery. Two distinct rings of high RRT, similar to the OSI rings of [Figure 5](#F5){ref-type="fig"}, appear at the middle descending aorta part. The RRT pattern distribution ([Fig. 6](#F6){ref-type="fig"}) is closer to AWSS than to OSI. Additionally, RRT is by definition inversely proportional to the AWSSV (equations (j), (k) and (l) of [Fig. 2](#F2){ref-type="fig"}).

![Relative residence time (RRT) with (a) power, (b) Carreau, (c) Casson, (d) non-Newtonian power, and (e) Newtonian law models. The AWSSV is inversely proportional to the RRT.](cr-07-066-g006){#F6}

Normalized LDL concentrations C~w~/C~o~ using non-Newtonian power law model are shown in [Figure 7](#F7){ref-type="fig"}, revealing LDL topography. Derived results of the normalized peak LDL reach 35.0% higher than entrance for the concave site. The convex site exhibits LDL values ranging from 17.0% to 19.0%. Elevated LDL regions occur downstream to the left subclavian artery. Daughter vessels show elevated LDL concentration because of the low velocity values.

![Normalized luminal surface LDL concentration C~w~/C~o~ for the aortic arch. Flow velocity 0.05 m/s and constant concentration LDL of 1.3 mg/mL are applied at the orifice of the ascending aorta. Four views.](cr-07-066-g007){#F7}

Endothelial LDL increases with decreasing WSS ([Fig. 8](#F8){ref-type="fig"}). As WSS reduces to zero, the LDL increases at higher rate. High LDL occurs at 0.3 N/m^2^ or smaller. The LDL concentration depends on other factors as well.

![Typical luminal surface concentration C~w~/C~o~ of normalized LDL versus WSS (N/m^2^). Flow velocity 0.05 m/s and constant concentration LDL of 1.3 mg/mL are applied at the orifice of the ascending aorta.](cr-07-066-g008){#F8}

Direct comparison of the LDL with the RRT, AWSS and OSI distribution using the non-Newtonian power law is shown in [Figure 9](#F9){ref-type="fig"}. The LDL pattern shown in [Figure 9a](#F9){ref-type="fig"} is similar to the RRT one ([Fig. 9b](#F9){ref-type="fig"}). High LDL endothelium regions, which are located at the concave aorta site, are well predicted with high RRT regions. Good comparison is also detected for the low LDL endothelium regions and low RRT at the convex site. The transitional region between high and low LDL distribution is also well predicted with the RRT factor. Low AWSS predicts the high LDL concentration at the concave aorta site as well as at the convex aorta site ([Fig. 9c](#F9){ref-type="fig"}). Furthermore, the transitional zone between high and low LDL is well predicted. However, the AWSS distribution shows that the affected concave site of the aorta exhibits uniform low AWSS (without patches of high AWSS). This is not the case for the RRT distribution. The RRT takes into account the OSI values ([Fig. 9d](#F9){ref-type="fig"}) and modifies accordingly the distribution.

![Contours using non-Newtonian power law of (a) normalized luminal surface LDL concentration C~w~/C~o~ at 0.05 m/s and constant concentration of LDL of 1.3 mg/mL applied at the orifice of the ascending aorta), (b) RRT, (c) AWSS (N/m^2^) and (d) OSI.](cr-07-066-g009){#F9}

Relationships between time AWSSV and AWSS for the applied blood flow models are shown in [Figure 10](#F10){ref-type="fig"}. The differences show the degree deflection from blood flow predominant direction. Non-Newtonian blood flow models show that high magnitude differences between these two biomechanical quantities appear at low AWSS values \< 0.8 N/m^2^.

![Time-averaged wall shear stress vector (AWSSV) (N/m^2^) versus averaged wall shear stress (AWSS) (N/m^2^): (a) power, (b) Carreau, (c) Casson, (d) non-Newtonian power, and (e) Newtonian law models.](cr-07-066-g010){#F10}

The relationships between OSI and AWSSV are shown in [Figure 11](#F11){ref-type="fig"}. It is evident that as the AWSSV approaches zero, the OSI increases and this is captured with all models. AWSSV values of less than 0.5 N/m^2^ yield a steep increase to the OSI values. Therefore, high OSI is related to low AWSSV.

![Oscillatory shear index versus time-averaged wall shear stress vector (AWSSV) (N/m^2^): (a) power, (b) Carreau, (c) Casson, (d) non-Newtonian power, and (e) Newtonian law models.](cr-07-066-g011){#F11}

Discussion {#s4}
==========

The biomechanical flow parameters of AWSS, AWSSV, OSI, and RRT elucidate the endothelial surfaces prone to atherosclerosis. Four non-Newtonian oscillating molecular viscosity models plus the Newtonian were analyzed. The mass transport of the LDL is also solved in conjunction to the blood flow under steady flow. Henceforth, the comparison of the LDL distribution with the tested flow parameters during the cardiac cycle using non-Newtonian blood behavior will possibly give a better understanding in spotting the prone to atherosclerosis aorta regions.

Endothelial regions at the outer walls of the main ascending-descending aorta yield high molecular viscosity values. Low strain rates appear in these regions and are captured by the viscosity models. Molecular viscosity affects AWSS distribution and is considered (at low values) favorable for atherosclerosis genesis and development. Morphological alterations are activated via WSS magnitude and WSS orientation \[[@R20]\]. Low WSS values \< 1.5 N/m^2^ are known to favor atherosclerosis.

High WSS favors endothelial cell elongation \[[@R21]\], while low WSS yields to polygonal shapes. The WSS interacts with the endothelial cells and subsequently with the arterial wall permeability. High AWSS develops at the convex parts of the curved flow regions. Low AWSS develops at the concave parts, most noticeable at the downstream flow region of the left subclavian artery.

Low OSI values denote minimal change in the flow direction \[[@R22]\]. Large OSI values cause endothelial dysfunction because the instantaneous WSS vector alters its direction during pulse wave. Endothelial regions of low AWSS and high OSI coexist in many parts. Analysis shows that low OSI and high AWSS values develop at the convex part of the ascending aorta. Nearly all non-Newtonian blood flow models capture the just described flow behavior. The inverse correlation between AWSS and OSI is further reinforced after performing statistical analysis between AWSS and OSI results for all examined flow models. Person coefficients between OSI and AWSS have negative values for all models: -0.221 (power law), -0.287 (Carreau), -0.337 (Casson), -0.272 (non-Newtonian power law) and -0.358 (Newtonian model) ([Table 1](#T1){ref-type="table"}). OSI tends to exhibit high values in regions where AWSSV values are low. This becomes apparent from [Figure 11](#F11){ref-type="fig"} as well as from the OSI-AWSSV Pearson coefficient in [Table 1](#T1){ref-type="table"}. These coefficients are: -0.784 (power law), -0.721 (Carreau), -0.721 (Casson), -0.784 (non-Newtonian power law) and -0.731 (Newtonian). Pearson coefficients are higher between OSI and AWSSV to OSI and AWSS and are statistically significant for a P \< 0.01. Their relatively low values arise because none of the examined biomechanical parameters have a clearly linear correlation with another one. Thus, the Pearson coefficient is used as marker for macroscopic behavior estimation and not as a part of linear regression process.

###### Pearson Correlation Factors Between Transient Blood Flow Properties

                            AWSS (Pa)   AWSSV (Pa)   OSI      RRT
  ------------------------- ----------- ------------ -------- --------
  Power law                                                   
    AWSS (Pa)               1           0.735        -0.221   -0.244
    AWSSV (Pa)                          1            -0.784   -0.444
    OSI                                              1        0.542
    RRT                                                       1
  Casson                                                      
    AWSS (Pa)               1           0.836        -0.337   -0.272
    AWSSV (Pa)                          1            -0.721   -0.386
    OSI                                              1        0.565
    RRT                                                       1
  Newtonian                                                   
    AWSS (Pa)               1           0.836        -0.358   -0.305
    AWSSV (Pa)                          1            -0.731   -0.418
    OSI                                              1        0.605
    RRT                                                       1
  Carreau                                                     
    AWSS (Pa)               1           0.816        -0.287   -0.212
    AWSSV (Pa)                          1            -0.721   -0.340
    OSI                                              1        0.490
    RRT                                                       1
  Non-Newtonian power law                                     
    AWSS (Pa)               1           0.759        -0.272   -0.229
    AWSSV (Pa)                          1            -0.784   -0.406
    OSI                                              1        0.523
    RRT                                                       1

Correlations are statistically significant at the 0.01 level for all the examined parameters.

Low AWSS regions, \< 0.8 N/m^2^, exhibit high AWSSV variation for all viscosity models ([Fig. 10](#F10){ref-type="fig"}). However, the positive Pearson correlation factors, which vary from 0.735 for power law to 0.836 for Casson and Newtonian ([Table 1](#T1){ref-type="table"}), indicate proportional relationship, when AWSS hurdles a "limit" value close to 0.8 N/m^2^.

High RRT, emerging from simultaneous low AWSS and high OSI, denotes that the blood molecules spend relatively more time at specific endothelium regions and as a result give rise to atheroma genesis and progression. All non-Newtonian models qualitatively predict similar RRT distribution. Concave sites develop high RRT values compared to convex sites. High RRT values \< 15.0 are present at the concave part of the aortic arch downstream to left subclavian artery. RRT has negative correlation with AWSS and AWSSV, whereas its behavior is proportional to OSI for all models ([Table 1](#T1){ref-type="table"}). A question arises as to which of the physical parameters better describes the possible atherosclerotic aorta regions. Ground evidence is needed to support that high RRT value best describes the possible atherosclerotic aorta regions.

The backing to the above question comes from the coupled solution of flow and mass transfer equation. According to prevailing theories, low WSS and high OSI are responsible for atherosclerosis process. The RRT calculation requires relatively less central processing time since the mass flow transport is not incorporated. Therefore, it is a more flexible biomechanical factor for atherosclerosis localization. It is the contact time between LDL and endothelial surface and the subsequent interaction which really matters and this is exactly what the RRT does. Wherever and whenever the flow is disturbed the mass entering or exiting the arterial wall is substantially affected \[[@R23]\]. Near wall path velocities affect LDL elevation. Concave sides are mostly responsible for elevated LDL ([Fig. 7](#F7){ref-type="fig"}). Convex sides mostly result in low LDL concentration. Low LDL regions cover relatively large endothelium areas. Results show that the RRT is, relatively, a satisfactory biomechanical factor since its distribution is closer to the LDL distribution. For the concave aorta site, the peak LDL value is 35.0% higher than its entrance value. For the convex site, this value is 18.0%.

Previous investigations \[[@R24]\] indicate that the flow pattern is crucial for plaque formation. However, increased LDL values are developed wherever high curvature effects are encountered. The velocity streamlines using the non-Newtonian power law model at time instants, 1) t = 0.075 s, 2) t = 0.150 s, 3) t = 0.250 s and 4) t = 0.60 s, are shown in [Figure 12](#F12){ref-type="fig"}. The velocity streamline time and spatial variability, especially in regions where OSI and RRT attain high values, give rise to elevated LDL (not shown). Centrifugal forces acting on the flow are forcing part of the bulk of fluid to move towards concave side, noticeable at the downstream flow region of the left subclavian artery (not shown). The WSS vectors using the non-Newtonian power law model are shown in [Figure 13](#F13){ref-type="fig"}.

![Aorta streamline velocities m/s: (a) t = 0.075 s, (b) t = 0.150 s, (c) t = 0.250 s and (d) t = 0.60 s using the non-Newtonian power law model.](cr-07-066-g012){#F12}

![Instantaneous aorta wall shear stress vectors (WSSV) (N/m^2^) at (a) t = 0.075 s, (b) t = 0.150 s, (c) t = 0.250 s and (d) t = 0.60 s using the non-Newtonian power law model.](cr-07-066-g013){#F13}

Further analysis is needed to capture the arterial wall deflection (elastic material) during the cardiac pulse. Altered geometry seriously affects the involved biomechanical parameters. The incorporation of fluid-structure interaction with the mass transport within the human arterial wall will give a better inside into atherosclerosis genesis and development.

Conclusion {#s4a}
----------

All four non-Newtonian molecular viscosity blood flow models yield a consistent aorta pattern for AWSSV, OSI, and RRT. The abilities of non-Newtonian blood flow models are mostly seen in satisfactorily capturing the molecular viscosity at low strain rate values. The non-Newtonian power law blood flow model approximates the flow parameters in a more satisfactory way. High AWSS develops at the convex parts of the curved flow regions, most noticeable at the convex part of the ascending aorta. High OSI and low AWSS develop at the concave parts of the curved flow regions, most noticeable at the downstream flow region of the left subclavian artery as well as at the concave ascending aorta. High OSI and low AWSS regions do not always collocate.

High RRT and molecular viscosity values appear in the downstream flow region of the left subclavian artery. High RRT values emerge as an appropriate tool for identifying possible plaque localization. The RRT is relatively a satisfactory biomechanical factor since its distribution is closer to the LDL.

The LDL elevation of the luminal surface side determines the amount of its quantity transported to the arterial wall. Concave aortic arch sites are regions prone to atherosclerosis. Convex parts are not. High LDL endothelium regions are well predicted with high RRT values. Equally well comparison is detected at the convex site. Furthermore, the transitional region between high and low LDL distribution is also well predicted with RRT. For the concave aorta site, the peak LDL value is 35.0% higher than its entrance value. For the convex site, this value is 18.0%.
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